The auxin-regulated CrRLK1L kinase ERULUS controls
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Root	 hairs	 facilitate	 a	 plant’s	 ability	 to	 acquire	 soil	 anchorage	 and	 nutrients.	 Root	 hair	 growth	 is	
regulated	 by	 the	 plant	 hormone	 auxin	 and	 dependent	 on	 localized	 synthesis,	 secretion	 and	
modification	 of	 the	 root	 hair	 tip	 cell	 wall.	 However,	 the	 exact	 well	 wall	 regulators	 in	 root	 hairs	
controlled	 by	 auxin	 have	 yet	 to	 be	 determined.	 In	 this	 study,	 we	 describe	 the	 characterization	 of	
ERULUS	 (ERU),	 an	 auxin-induced	 Arabidopsis	 receptor-like	 kinase	 whose	 expression	 is	 directly	




of	 pectin	 methylesterase	 (PME)	 activity.	 Mutant	 eru	 (-/-)	 root	 hairs	 accumulate	 de-esterified	
homogalacturonan	 and	 exhibit	 aberrant	 pectin	 Ca2+	 binding	 site	 oscillations	 and	 increased	 PME	
activity.	Up	to	80%	of	the	eru	root	hair	phenotype	is	rescued	by	pharmacological	supplementation	with	
a	PME	 inhibiting	 catechin	extract.	ERU	 transcription	 is	 altered	 in	 specific	 cell	wall-related	 root	hair	
mutants,	suggesting	it	is	a	target	for	feedback	regulation.	Loss	of	ERU	alters	the	phosphorylation	status	
of	FERONIA	and	H+-ATPases	1/2,	regulators	of	apoplastic	pH.	Furthermore,	H+-ATPases	1/2	and	ERU	





[2],	 extracellular	 reactive	 oxygen	 species	 (ROS)	 and	 pH	 [3].	 The	 plant	 hormone	 auxin	 is	 a	 key	
component	of	RH	tip	growth	since	several	auxin	response	mutants	exhibit	RH	phenotypes	[4],	whilst	
auxin	supplementation	promotes	RH	elongation	[5]	and	the	expression	of	the	core	RH	transcription	
factor	 RSL4	 changes	 in	 response	 to	 exogenous	 IAA	 application	 [6].	 Auxin	 Response	 Factors	 (ARFs)	























loss	 of	 ERU	 function	 results	 in	 differential	 phosphorylation	 of	 FERONIA	 (FER)	 and	 H+-ATPases	 1/2	
(AHA1/2),	regulators	of	apoplastic	pH.	In	addition,	AHA1/2	is	differentially	phosphorylated	on	auxin	


















previous	 findings,	 the	 short/bulged	 eru	 RH	 phenotype	 persisted	 when	 grown	 on	 minimal	 growth	




























N252,	 N294,	 N359,	 N365),	 a	 hydrophobic	 transmembrane	 domain	 (I426-V446)	 and	 a	 C-terminal	
cytoplasmic	domain	(R447-P842)	coding	for	a	protein	kinase.	As	such,	ERU	was	likely	to	be	trafficked	




extensin-like	 proteins.	 We	 identified	 a	 highly	 conserved	 hydrophobic	 motif	 (Figure	 S3B,C)	 with	 a	
presumable	 targeting	 function	 (N-terminal	 in	 71	%	of	 all	 cases)	which	was	present	 in	 all	 identified	
proteins.	In	parallel,	we	transformed	WT	and	eru	Arabidopsis	plants	with	a	transgene	containing	the	
ERU	 coding	 sequence	 coupled	 to	 a	 C-terminal	 GFP	 reporter	 and	 driven	 by	 its	 native	 promoter	
(ERUp::ERU-GFP).	 In	 all	 independent	 lines,	 we	 observed	 that	 ERU-GFP	 specifically	 localized	 to	 the	

















In	 silico	 analysis	 of	 the	ERU	 promoter	 sequence	 identified	 four	 canonical	 auxin	 response	 elements	
(AuxREs),	positioned	at	462,	1454,	1999	and	2596	bp	upstream	of	the	ATG	start	codon,	and	encoded	
by	 the	 TGTCTC/GAGACA	 conserved	 ARFAT	 sequence,	 or	 single	 nucleotide	 variants	 thereof	 (e.g.	
TGTCAC	at	-462,	Figure	3A).	In	addition,	multiple	core	TGTC/GACA	auxin	response	elements	were	also	
present	 (Figure	 3A).	 Auxin	 response	 factors	 (ARFs)	 bind	 to	 AuxREs	 to	 regulate	 auxin-mediated	






To	 directly	 test	whether	 ARF7	 and/or	 ARF19	 bind	 to	 the	ERU	promoter,	we	 performed	 chromatin	
immuno-precipitation	PCR	(ChIP-PCR)	studies.	Chromatin	was	extracted	from	WT,	arf7	(-/-)	and	arf19	
(-/-)	 root	 cultures,	 after	 which	 ChIP-PCR	 studies	 were	 performed	 using	 ARF7	 and	 ARF19	 specific	
antibodies	 (Figure	 S5F).	 Real	 time	 PCR	 using	 primers	 specifically	 designed	 to	 amplify	 the	 regions	
associated	with	the	-462	and	-1454	localized	ARFAT	sites	revealed	that	ARF7	(both	AuxREs)	and	ARF19	
(-462	AuxRE)	directly	bind	to	the	ERU	promoter	(Figure	3C,D).	Relative	to	arf7	and	arf19	null	mutants,	
ERU	 associated	 promoter	 DNA	 was	 significantly	 enriched	 in	 anti-ARF7	 (Figure	 3C)	 and	 anti-ARF19	













annotated,	 it	 is	unclear	how	 its	phosphorylation	affects	ERU	action.	 Importantly	however,	our	data	
illustrates	a	second	(post-translational)	means	through	which	auxin	may	regulate	ERU	function.	
ERU	transcription	is	altered	in	pectin	cell	wall	mutants	








functional	 pectin	matrix	 [13].	 LRX2	 functions	 redundantly	with	 LRX1,	 and	 Enhancer	Of	 Lrx1	 (ENL7)	
worsens	 the	 lrx1-1	 phenotype,	 suggesting	 they	 are	 functionally	 related	 [23].	 PROCUSTE1	 (PRC1),	
CELLULOSE	SYNTHASE-LIKE	D3	(CSLD3)	and	THESEUS1	(THE1)	encode	a	cellulose	synthase	(CESA6),	a	





roots	 (Figure	S7A).	These	 findings	suggest	 that	some,	but	not	all,	CW	perturbations	alter	ERU	gene	









To	 probe	 the	 observed	 changes	 in	 CW	 composition,	 we	 analysed	 cellulose,	 xyloglucan	 and	 pectin	
distribution	in	the	CW	of	WT	and	eru	RHs	using	dyes,	antibodies		and	confocal	microscopy.	Direct	red	
23	(also	known	as	pontamine	fast	scarlett)	was	used	to	visualize	cellulose	[30].	In	WT	RHs,	we	detected	









cytosol	 remained	 unaffected	 (Figure	 S7H).	 Hence,	 overaccumulation	 of	 cellulose	 in	 eru	 is	 likely	 a	
secondary	effect	of	slow	RH	growth.	
Next,	 we	 directly	 determined	 the	 overall	 XYG	 content	 in	 the	 RH	 primary	 CW	 using	 a	 monoclonal	
antibody	 with	 specificity	 towards	 several	 XYG	 oligosaccharides.	 In	 agreement	 with	 our	microFT-IR	
spectra,	we	observed	that	eru	RHs	accumulate	1.7-fold	less	XYG	compared	to	WT	RHs	(Figure	S7I).	We	
also	investigated	pectin	composition	using	monoclonal	antibodies	towards	methylesterified	and	de-
esterified	HG	 epitopes	 (Figure	 5).	 Interestingly,	eru	RHs	 had	much	 lower	methyl-esterified	 and	 far	
higher	 de-esterified	HG	 levels	 in	 the	 RH	 stalk	 compared	 to	WT,	 suggesting	 a	 higher	 degree	 of	 de-
esterification	by	pectin	methylesterases	(PMEs).	The	total	HG	content	(the	sum	of	methyl-esterified	
























frequency	 of	 oscillation	 was	 drastically	 slower	 at	 0.003	 ±	 0.0003	 Hz	 and	 was	 characterized	 by	 an	
amplitude			̴13-fold	greater	than	WT	RHs	(Figure	5G,H).	Each	eru	oscillation	was	marked	by	a	sudden	
and	steep	increase	in	PI	fluorescence,	followed	by	a	gradual	decrease	to	original	levels,	whereas	in	WT	
RHs,	 each	 oscillation	was	 characterized	 by	 a	 discrete	 rise	 and	 equal	 decrease	 in	 PI	 signal	 intensity	
(movie	S4).	The	average	apical	PI	signal	intensity	in	eru	RHs	remained	3-fold	higher	compared	to	WT	
RHs	throughout	acquisition	(Figure	S7J)	and	never	reached	WT	levels,	even	after	maturation	(Figure	




dynamics,	 we	 compared	 the	 phosphoproteome	 of	 WT	 and	 eru	 root	 tips	 (containing	 the	 root	
differentiation	 zone).	We	 found	 that	 FERONIA	 (FER)	 and	 a	 peptide	 corresponding	 to	 H+-ATPase	 1	
and/or	2	 (AHA1/2),	 all	 of	which	are	 involved	 in	 regulating	apoplastic	pH	 [14,33],	were	 significantly	
differentially	 phosphorylated	 at	 serine	 701	 (pS701;	 SFGYLDPEYFR)	 and	 serine	 904	 (pS904;	
ELSEIAEQAKR),	 respectively	 (Figure	 7,	 Figure	 S6B,C).	 FER	 pS701	 phosphopeptide	 abundance	 had	
decreased	 3.4-fold	 (Figure	 7A)	 and	 AHA1/2	 pS904	 phosphopeptide	 abundance	 had	 increased	 by	 a	
factor	of	2.9	(Figure	7C)	in	the	eru	mutant	background,	whereas	overall	peptide	abundance	remained	
unaffected	(Figure	7B,D).	FER	pS701	is	located	in	the	cytoplasmic	kinase	domain	and	has	not	yet	been	
functionally	 annotated.	When	 expressed	 in	 yeast,	 phosphorylation	 of	 AHA1/2	 S904,	 a	 cytoplasmic	





Interestingly,	 we	 found	 that	 auxin	 supplementation	 (100	 nM	 NAA)	 caused	 a	 1.6-	 and	 a	 1.3-fold	
decrease	 in	 the	 abundance	 of	 the	 AHA1/2	 GSYRELSEIAEQAK	 and	 AHA2	 GLDIETPSHYTV	

















ERU	 phosphorylation	 is	 altered	 in	 response	 to	 auxin,	 (5)	 ERU	 localizes	 to	 the	 apical	 RH	 plasma	
membrane	 (PM)	 and	 (6)	 ERU	 regulates	 CW	 composition/dynamics	 during	 RH	 elongation,	 possibly	
through	 affecting	 FER	 and	 AHA1/2	 phosphostatus	 and	 subsequently	 their	 activity.	Whilst	 our	 ERU	
subcellular	localisation	results	contrast	with	the	findings	of	Bai	et	al.	(2014),	which	can	have	various	




domain,	 which	 has	 been	 hypothesized	 to	 bind	 specific	 CW	 polysaccharides	 or	 glycoproteins	 [35].	
Several	 CrRLK1L	 proteins	 associate	 with	 CW	 modification	 or	 sensing	 during	 expansion	 [35].	 We	
illustrate	that	ERU	has	a	role	in	controlling	the	CW	machinery	in	RHs.	CW	turnover	and	modification	is	
concentrated	at	the	tip.	We	found	that	ERU	localizes	to	the	tip	PM	in	growing	RHs,	throughout	all	RH	
developmental	 stages	 (Figure	 2B-F,	 movie	 S1-3).	 The	 ERU	 signal	 peptide	 is	 likely	 to	 encode	 an	
extracellular	localization	signal	(Figure	S3),	targeting	the	malectin-like	domain	to	the	CW	where	it	could	
potentially	 interact	with	carbohydrate-containing	 ligands	or	small	signaling	peptides	 (such	as	RALFs	
interacting	with	FER	[14,36]).		
























alkalinisation	 is	 mediated	 by	 the	 physical	 interaction	 between	 RALF	 and	 the	 CrRLK1L	 FER,	 and	
subsequent	FER	kinase-controlled	phosphorylation	of	AHA2,	regulating	AHA2	pumping	activity	[14].	In	
addition,	 the	 constitutively	 expressed	 AHA1	 was	 also	 found	 to	 regulate	 root	 apoplastic	 pH.	 The	
FER/AHA2	mechanism	has	been	illustrated	in	primary	root	cell	elongation,	but	not	shown	to	regulate	
RH	 development.	 Importantly,	 we	 now	 found	 that	 the	 eru	 mutation	 results	 in	 differential	
phosphorylation	of	FER	and	AHA1/2,	suggesting	that	a	similar	mechanism	might	operate	 in	RH	tips	
(Figure	 7).	 PME-activity,	 which	 is	 strongly	 affected	 in	 eru	 RHs,	 is	 highly	 pH-dependent,	 and	 likely	
contributes	to	apical	pH	oscillations	during	RH	growth	since	PME-mediated	HG	demethylesterification	









in	 roots	 AHA1/2	 is	 differentially	 phosphorylated	 at	 S899	 and	 T947	 in	 response	 to	 auxin	 treatment	
(Figure	S6F-I).	More	so,	ERU	is	regulated	by	auxin	at	the	transcriptional	(through	direct	binding	of	ARF7	
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WT	 x	 35S::ERU	 and	 eru	 x	 ERUp::ERU-GFP	 seedlings,	 and	 close-ups	 of	 RHs	 showing	 the	 typical	
short/bulged	phenotype.	(Scale	bars:	overview	root,	500	µm;	close-ups,	200	µm).	(B)	Graph	showing	
the	 average	 final	 RH	 length	 of	WT	 and	ERU	 knockout,	 overexpression	 and	 complementation	 lines,	
relative	(%)	to	the	WT	(n>10).	(C)	RH	profile	constructed	from	7d	old	WT	and	eru	seedlings	(n=5).	The	
average	RH	length	was	determined	for	very	young	RHs	(1.15	mm	from	the	root	tip)	until	fully	mature	































wavenumbers	 the	 t-value	 crosses	 the	 threshold	 of	 significance	 (orange	 lines;	 α	 =	 0.05,	 df=	 106).	
Negative	values	represent	lower	IR	absorbance	in	eru	vs.	WT	RHs.	Positive	values	represent	higher	IR	
absorbance	 in	eru	 vs.	WT	RH.	 (B)	 Table	 showing	wavenumbers	 at	which	 the	 IR	 absorbance	 differs	
	 15	
significantly	between	eru	(n=46)	and	WT	(n=72)	RHs,	and	their	corresponding	annotation	[27–29].	For	
































25	 µM	 KCl,	 17.5	 µM	 H3BO3,	 1	 µM	MnSO4.H2O,	 1	 µM	 ZnSO4.7H2O,	 0.25	 µM	 CuSO4.5H2O,	 0.25	 µM	
(NH4)6MoO24.4H2O	and	25	µM	Fe-Na	EDTA)	 containing	0.8%	phytagel	 and	1%	 sucrose	at	pH	5.7	or	
minimal	medium	(0.1	mM	KCl,	0.1	mM	CaCl2,	1	mM	NaCl,	1%	w/v	sucrose,	2%	w/v	agarose,	pH	6).	If	
applicable,	 the	 medium	 was	 supplemented	 with	 the	 indicated	 hormone	 or	 polyphenon	 60	
concentrations.	For	selection	of	transformants,	seeds	were	sown	on	1/2	Murashige	and	Skoog	(MS)	






seeds	 were	 grown	 for	 7	 days	 in	 continuous	 light	 on	 1/2	 MS	 medium	 (1%	 sucrose)	 before	 being	
transferred	to	medium	containing	1	µM	NAA	or	an	equivalent	volume	of	DMSO	(control).	Roots	were	






Arabidopsis	 thaliana	 ecotype	 Columbia-0	 (Col-0;	 N1092)	 and	 mutant	 eru	 (SALK_083442C),	 rol1-2	
(CS16373),	 lrx1-1	 (CS16370),	 lrx2-1	 (CS16371),	 the1-4	 (SAIL_683_H03;	 kindly	 donated	 by	 Prof.	
Lenhard),	 prc1-1	 (CS297),	 enl7	 (CS25258),	 arf7	 (N24607),	 arf19	 (N24617),	 arf7arf19	 (N24629)	 and	















semi-quantitative RT-PCR and real-time PCR 
Total	RNA	was	 isolated	 from	6-day-old	WT,	eru,	 rol1-2,	 lrx1-1,	 lrx2-1,	 the1-4,	prc1-1	and	enl7	 roots	
(PureLink®Plant	RNA	kit,	Life	Technologies),	7-day-old	WT	and	arf7arf19	roots,	or	7-day-old	roots	of	6	
independent	 WT	 x	 35S::ERU	 lines	 (TRIzol	 reagent)	 and	 DNase	 treated	 (RQ1	 RNase-Free	 DNase,	







Cloning of ERULUS and Arabidopsis transformation 
Constructs	were	generated	using	gateway	cloning.	To	construct	 the	ERUp::GFP	 transgene,	a	619bp	
sequence	upstream	of	the	translational	start	codon	of	ERULUS	was	amplified	from	col-0	genomic	DNA	













25	 µg	 l-1	 hygromycin,	 25	 µg	 l-1	 rifampicin	 and	 50	 µg	 l-1	 gentamycin	 for	 48h	 at	 28°C	while	 shaking.	
Subsequently,	 using	 1	mL	 of	 this	 pre-culture,	 a	main	 culture	was	 set	 up	 (24h,	 28°C,	 shaking).	 This	




mature	 and	 set	 seeds.	 Transformed	 seeds	were	 selected	 by	 antibiotics	 resistance.	 Homozygous	 T3	
progeny	was	used	for	analysis.	
ARF7/ARF19 ChIP-qPCR 
Root	 cultures	 were	 pre-treated	 with	 1	 μM	 NAA	 to	 remove	 Aux/IAA	 proteins.	 DNA	 and	 protein	
complexes	were	cross-linked	by	submersing	the	tissue	in	40	ml	of	Fixation	Buffer	(0,1	M	sucrose,	50	
mM	NaCl,	 10	mM	KH2PO4,	 pH	 7,	 1	%	 formaldehyde,	 10	 μM	MG132)	 and	 vacuum	 for	 20	min.	 The	
reaction	was	stopped	by	adding	cold	glycine	(0.125	M).	Nuclei	were	isolated	as	described	by	Bowler	et	
al.	(2004)	and	re-suspended	in	1	ml	Sonication	Buffer	(10	mM	potassium	phosphate,	pH	7,	0.1	M	NaCl,	
0.3%	 sarkosyl,	 10	 mM	 EDTA,	 0.1	 mM	 PMSF,	 1X	 Sigma	 plant	 protease	 inhibitor	 cocktail)[43].	 The	




4°C	on	a	 slow-moving	 rotator	 for	 4h.	Anti-ARF7	antibody	was	produced	 in	 rabbits	using	 an	E.	 coli-
expressed	His-tagged	antigenic	region	from	aa	795-1039	[44].	The	latter	was	used	to	affinity-purify	the	














performed	 as	 triplicate	 technical	 replicates	 using	 a	 Roche	 LightCycler	 480	 qPCR	 machine.	 ChIP	
experiments	are	representative	of	three	biological	replicates.					
Micro-Fourier transform IR spectroscopy (mFT-IR) 
Six	day	old	Col-0	and	eru	roots	were	dehydrated	in	ethanol	and	rehydrated	overnight	in	distilled	water.	
The	 dense	 RH	 collet	 at	 the	 hypocotyl-root	 junction	was	 excised	 and	 dried	 at	 RT	 on	 a	 gold	 coated	
microscopy	slide.	FT-IR	spectra	were	collected	in	an	area	of	30	x	30	µm	where	the	stalks	of	multiple	
RHs	overlapped	using	a	Thermo	Scientific	Nicolet	iN10	MX	infrared	imaging	microscope	equipped	with	






Immunolocalization and staining 
Five	day	old	Col-0	and	eru	seedlings	grown	on	solid	RH	medium	were	covered	with	isotonic	fixation	
buffer	 (50	mM	PIPES,	5	mM	MgSO4,	5	mM	EGTA,	4%	paraformaldehyde,	0.1%	glutaraldehyde,	1	%	
sucrose,	 pH	6.9)	 	 for	 30	min,	 transferred	 to	 the	 same	 fixation	buffer	 for	 90	min	 and	 subsequently	
washed	three	times	with	50	mM	PIPES	buffer	(pH	6.9).	Aspecific	binding	sites	were	blocked	with	PIPES	
buffer	containing	3%	BSA.	After	washing	(PIPES	3x)	seedlings	were	incubated	overnight	at	4°C	with	a	







collected	 for	eru	and	WT	roots	using	 identical	 settings.	For	LM20	and	LM19,	 fluorescence	 intensity	
plots	were	acquired	from	the	RH	stalk	along	7	cross	sectioning	lines	for	each	RH.	Maximal	 intensity	
values	were	extracted	from	baselined	(background	subtracted)	spectra.	 	








coming	 from	 the	 CW.	 Each	 intensity	 plot	 was	 baselined	 (background	 subtracted)	 to	 make	 them	
comparable	 amongst	 the	 RH	 population,	 and	 a	 general	 intensity	 cutoff	 was	 set.	 The	width	 of	 the	
intensity	peak	above	the	cutoff	was	calculated	and	considered	to	be	an	approximation	for	the	cell	wall	
width.	
































dishes	 for	 4-5	 days	 on	 standard	 RH	 growth	medium	overlaying	microscopy	 slides.	 The	 slides	were	
excised	from	the	medium,	the	seedlings	were	covered	with	a	10	µM	PI	solution	in	liquid	RH	growth	
medium,	 overlayed	 with	 a	 large	 coverslip,	 and	 left	 to	 recover	 for	 30	 min	 in	 a	 climate	 controlled	







ms	 (fluorescence),	 closing	 the	 shutters	 in	 between	 consecutive	 acquisitions.	 RHs	 showing	 normal	
cytoplasmic	streaming	and	the	presence	of	a	dynamic	clear	zone	at	the	tip	were	selected	for	imaging.	
The	acquired	PI	 fluorescence	 time	series	 for	 individual	RHs	were	 imported	 in	FIJI	as	a	 stack	and	all	




was	 subtracted	 from	 the	apical	 PI	 fluorescence	 intensity.	 To	 correct	 for	bleaching,	 the	obtained	PI	
fluorescence	 time	 series	were	 de-trended	 in	Autosignal	 v1.7	 (Systat	 Software,	 Inc.).	 A	 Fast	 Fourier	
Transform	Radix	2	algorithm	was	employed	in	Autosignal	v1.7	to	perform	frequency	analysis	of	the	
acquired	oscillograms.	Hence,	the	PI	fluorescence	time	series	for	individual	RHs	were	transformed	in	
order	 to	 show	 the	 PI	 oscillatory	 behaviour	 as	 a	 spectrum	 of	 frequencies	 and	 their	 corresponding	






amounts	 of	 the	 cOmpleteTM	 protease	 inhibitor	 mixture	 (Roche)	 and	 the	 PhosSTOPTM	 phosphatase	
inhibitor	 mixture	 (Roche).	 After	 sonication	 and	 removal	 of	 cell	 debris	 by	 centrifugation,	 a	
methanol/chloroform	precipitation	was	carried	out	with	the	supernatant	as	described	previously	[48].	
Pellets	were	washed	with	80%	acetone	and	 re-suspended	 in	8	M	urea.	Alkylation	of	 cysteines	was	
carried	 out	 in	 the	 presence	 of	 15	 mM	 tris(carboxyethyl)phosphine	 (TCEP,	 Pierce)	 and	 30	 mM	
iodoacetamide	 (Sigma-Aldrich).	Three	mg	of	protein	material	was	digested	with	10	µg	of	MS	grade	
endoproteinase-Lys-C	 (Wako	 Chemicals	 GmbH),	 followed	 by	 an	 overnight	 digestion	 with	 30	 µg	 of	




























Database	 search	 and	 data	 analysis	 was	 performed	 using	MaxQuant	 v.1.5.4.1	 and	 Perseus	 1.5.5.3,	
respectively	as	described	previously	[48].	For	phosphoproteome	data	(eru	data	set),	only	phosphosites	








against	 the	 annotated	 A.	 thaliana	 protein	 library	 using	 the	 Tair	 WU-BLAST2	 tool	
(www.arabidopsis.org/wublast/index2.jsp)	 to	 identify	 the	 unique	 proteins	 corresponding	 to	 the	
aligned	peptides.	The	AGI	codes	of	the	51	unique	proteins	originating	from	the	top	100	BLAST	hits	were	
subsequently	used	for	Gene	Ontology	enrichment	analysis	(cellular	component	annotation	database;	
Bonferroni	 correction).	 The	 whole	 protein	 FASTA	 sequences	 corresponding	 to	 the	 51	 identified	











(non-parametric).	 MicroFT-IR	 data	 were	 analyzed	 in	 MultiExperiment	 Viewer	 (www.tm4.org/mev,	
version	4.8.1)	using	Kruskal-Wallis	 (for	non-parametric	distributed	wavenumbers)	or	student	t-tests	
































 Figure S1. Geno- and phenotyping of the eru (-/-) mutant and ERU overexpression line, Related to Figure 1.  
(A) graphical representation of the T-DNA insertion site in SALK_083442 (erulus; Nottingham Arabidopsis Stock Centre) 
and the position of the primers used for RT-PCR. (B) semi-quantitative RT-PCR of ERU transcription in WT and eru (-/-) 
6d old roots. (C) Eru (-/-) does not affect bulge positioning. Representative DIC images of WT, eru and WT x 35S::ERU 
roots in the region of bulge formation. Orange outlines depict individual root epidermal cells. Scale bar, 100 µm. Bar plot 
showing distance of the bulge to the basal end of the epidermal cell. Bars represent the average of at least 4 measured cells 
per 5 roots for each line. Error bars represent SE (n=5). (D) WT and eru RH length when grown on minimal medium. Bars 
represent the average of the 5 longest RHs of >15 roots per line (n=3). (E) representative close-up of minimal medium 
grown WT and eru RH tips showing normal WT RH morphology but bulged/swollen eru RHs. (F-H) Characterization of 
ERU overexpression lines. (F) Final RH length in WT (Col-0) and WT x 35S::ERU roots of 6 independent lines. Bar 
graphs represent means with SE, n=3. (G) Relative ERU transcript abundance in roots of 6 independent WT x 35S::ERU 
lines. Bar graphs represent means with SE, n=9. (H) Root hair profile of WT and WT x 35S::ERU overexpression lines 






Figure S2. ERU is expressed in trichoblast cell files specifically during RH tip growth, Related to Figure 2. 
(A) Representative brightfield and fluorescence images of a 7d old WT x ERUp::GFP root and graph representing GFP 
fluorescence level along the roots axis (scale bar, 500 µm). The average position of the first RH bulge (orange) and the first 
mature RH (blue) are depicted. Error bars represent SE (n=9). (B-D) Representative DIC images of GUS stained plants 
expressing ERUp::GUS. (B) overview of a 7d old root (scale bar, 100 µm). (C) close-up of GUS stained trichoblasts in the 
differentiation zone (scale bar, 100 µm). (D) close-up of a GUS stained epidermal cell file in early RH development (scale 
bar, 50 µm). GUS staining is visible before bulge formation.  
	 	
	Figure S3. A motif identified in the ERU signal peptide is conserved amongst proteins which are potentially targeted 
to the extracellular region, Related to Figure 2. 
(A) GO enrichment analysis of the 51 unique proteins identified from a BLAST search for non-redundant protein sequences 
similar to the ERU signal peptide. (B) highly conserved motif identified in the protein sequences corresponding to the 51 
unique proteins identified from a BLAST search for non-redundant protein sequences similar to the ERU signal peptide. (C) 















Figure S4. ERU plasma membrane protein abundance displays no oscillatory behaviour, Related to Figure 2. 
(A) representative growing RH tip showing ERU-GFP localization to the apical PM. (B) Representative graph showing the 
evolution of ERU-GFP fluorescence intensity during a 400s acquisition. (C) Fourier spectrum of apical ERU-GFP 





Figure S5. Effect of auxin on the eru phenotype, ARF7/19 root transcription, anti-ARF7/19 western blots, Related to 
Figure 3. 
(A-D) Supplementation with auxin cannot rescue the eru phenotype. WT and eru seedlings were transferred to plates 
containing different concentrations of IAA, NAA and 2,4D. (A) Bar plots showing the effect of auxin addition on the 
average length of newly emerged RHs. At least 10 RHs were measured for 30 roots per treatment and line. (B) 
representative images of auxin treated WT and eru roots. Scale bar, 0.5 mm. (C) eru and WT RH profiles after 20 nM IAA 
supplementation (n=24). (D) Linear interpolation of the RH growth zone. Each line represents the region of linear RH 
elongation for a single root (n=24). Average RH growth velocity, derived from the slope of individual root RH growth zone 
interpolations (n=24). Error bars represent SE. (E) ARF7 and ARF19 are transcribed in trichoblasts. Root cell-specific 
transcription of ARF7 (right) and ARF19 (left) as extracted from public transcriptomics data [S1]. Yellow and red 
represents low and high transcription respectively. (F) Anti-ARF7 and anti-ARF19 antibodies are antigen-specific. Western 
blots using polyclonal anti-ARF7 (rabbit) and anti-ARF19 (sheep) with root culture nuclei preparations of WT and arf7 or 
arf19 Arabidopsis plants. In Col-0 samples, specific staining is observed at expected molecular weights (~130 kDa). ARF7 












Figure S6. Annotated LC-MS/MS spectra for the identified phosphopeptides and AHA1/2 phosphorylation is 
response to auxin, Related to Figure 4. 
LC-MS/MS spectra for the (A) ERU S497, (B) FER S701, (C) AHA2 S904, (D) AHA2 S899 and (E) AHA2 T947 peptide. 
AHA1/2 and AHA2 are dephosphorylated at serine 899 and threonine 947 respectively in response to auxin. (F) abundance 
of the AHA1/2 S899 associated phosphopeptide in individual replicates of mock treated (black dots) and auxin treated 
(grey dots) root samples. (G) average S899 phosphopeptide abundance (n=5). (H) abundance of the AHA2 T947 associated 
phosphopeptide in individual replicates of mock treated (black dots) and auxin treated (grey dots) root samples. (I) average 
T947 phosphopeptide abundance (n=5). Graph and statistics based on centered log2 transformed values for the complete 





Figure S7. ERU transcription in CW mutants, eru CW defects and the effect of xyloglucan (XYG) deficiency on pectin 
composition, Related to Figure 5.  
(A) ERU transcription is affected in specific RH mutants. qPCR data showing the transcription of ERU in the roots of WT 
(Col-0) and several CW RH mutants (n=3). Images of mature RHs of the lines used. Scale bar = 400 µm. (B-K) Eru RH CWs 
are affected in cellulose, XYG and pectin. WT and eru RHs were stained with direct red 23. (B) cellulose content and images 
of WT and eru RHs. The arrow shows higher cellulose deposition at the tip. Scale bar, 20 µm. (C) CW width as extracted 
from S4B cross-sectional intensity plots. (D) Correlation of the CW width and cellulose content revealing a positive 
correlation (Rho=0.80; p<0.001). (E) Virtual 200 µm section of the RH stalk. CW and cytoplasm volume calculated from the 
S4B staining. ! = growth speed vector. (F) The CW volume is inversely related with (G) the RH growth speed. (H) The 
cytosol volume is unaffected (n=8). (I) The XYG content is reduced in eru RH CWs. Lm25 signal intensity (n=10 roots with 
> 5 RH per root). Confocal images of lm25-stained RHs. Scale bar, 20 µm. (J-K) PI staining of pectin Ca2+ egg-boxes. (J) 
average PI fluorescence intensity at the tip of growing WT and eru RHs. (K) average PI fluorescence intensity in the stalk of 
WT and eru RHs (n=6). representative confocal images of WT and eru RHs stained with PI. Scale bar, 20 µm. (L) PI stained 
WT and xxt1/2/5 RHs. Scale bar, 10 µm. (M) pectin Ca2+ binding site abundance. (N) CW width from PI stained RHs. Error 
bars represent SE. Multiple RHs were measured for at least 6 roots per genotype. Significance codes p-value: 0.05 ‘*’ 0.01 
‘**’ <0.001 ‘***’. 
  








































Table S1: Overview of the primers that were used for genotyping, RT-PCR, cloning, ChIP-qPCR and realtime PCR, 
Related to STAR Methods.  
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